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(54) METHOD FOR PRODUCING CROSSLINKED RUBBER

(57) This disclosure provides a method for producing a cross-linked rubber for the additively fabricated object that
can be easily produced with good dimensional accuracy and simplicity, even using a general-purpose uncross-linked
rubber composition. This producing method is a method for producing a cross-linked rubber, in which an additively
fabricated object of uncross-linked rubber is heated in a liquid to produce an additively fabricated object of cross-linked
rubber, wherein the method includes, heating the additively fabricated object of uncross-linked rubber within the range
not exceeding the saturated vapor pressure by controlling the temperature and pressure of the liquid, obtaining the
equivalent cross-linking amounts at regular intervals from the start of heating using the following Formula (1), accumulating
them and calculating the cumulative cross-linking degree, and stopping the cross-linking reaction when the cross-linking
degree of the additively fabricated object of cross-linked rubber reaches the required cross-linking degree. 
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Description

TECHNICAL FIELD

[0001] This disclosure relates to a method for producing a cross-linked rubber.

BACKGROUND

[0002] A formed object of cross-linked rubber is usually produced by fitting a formed object of uncross-linked rubber
into a mold or by sandwiching them between heat presses, etc., within the temperature range in which the vulcanization
reaction takes place, and by applying a certain amount of pressure to prevent the rubber composition from blowing and
generating bubbles inside. However, these methods are difficult to apply to the formed object with a complex shape
such as an additively fabricated object, and are easily accompanied by dimensional changes before and after vulcani-
zation of the formed fabricated object.
[0003] In this regard, for example, PTL 1 discloses the composition of uncross-linked rubber composition suitable as
a modeling material for 3D printers using the fused deposition modeling, as well as a method of vulcanizing this uncross-
linked rubber composition by heating it to between 100°C and 150°C under normal pressure.
[0004] Further, for example, PTL 2 discloses a method of vulcanizing a curved tubular article made of elastomeric
material or the like, having a predetermined three-dimensional meandering configuration, and a constant wall thickness
and circular cross-sectional shape over its entire length.

CITATION LIST

Patent Literature

[0005]

PTL 1: JP 2019-19324 A1
PTL 2: JP 2003-531038 A1

SUMMARY

(Technical Problem)

[0006] However, the vulcanization method disclosed in PTL 1 requires the preparation of an unvulcanized rubber
composition having the component composition adapted to the technology written in PTL 1. Also, PTL 2 does not provide
details of the vulcanization method, and does not disclose a method for producing a vulcanized rubber for the additively
fabricated object with good dimensional accuracy and simplicity.
[0007] The subject of this disclosure is to provide a method for producing a cross-linked rubber for the additively
fabricated object that can be easily produced with good dimensional accuracy and simplicity, even using a general-
purpose uncross-linked rubber composition.

(Solution to Problem)

[0008] The inventors found that the above problem can be solved by heating the aforementioned additively fabricated
object of uncross-linked rubber while controlling the pressure and temperature so as not to exceed the saturated vapor
pressure of the liquid, obtaining the cumulative cross-linking degree by the Arrhenius formula according to the time
history of the heating temperature, and stopping the cross-linking when the required cross-linking degree is reached.
This disclosure is as follows.

<1> A method for producing a cross-linked rubber, in which an additively fabricated object of uncross-linked rubber
is heated in a liquid to produce an additively fabricated object of cross-linked rubber, wherein the method includes,
heating said additively fabricated object of uncross-linked rubber within the range not exceeding the saturated vapor
pressure by controlling the temperature and pressure of said liquid, obtaining the equivalent cross-linking amounts
at regular intervals from the start of heating using the following Formula (1), accumulating them and calculating the
cumulative cross-linking degree, and stopping the cross-linking reaction when the cross-linking degree of said
additively fabricated object of cross-linked rubber reaches the required cross-linking degree.
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[Math. 1] 

[0009] In the Formula (1);

U is the equivalent cross-linking amount,
E is the activation energy (kcal/mol),
R is the gas constant (1.987310-3kcal/mod·deg),
T is the cross-linking temperature (K),
T0 is the reference temperature (K),
t0 is the time of optimum cross-linking reaction point, which was measured and determined in advance at the reference
temperature T0 (Sec),
t’ is the cross-linking time at the i-th interval to be accumulated (Sec).

[0010] <2> The method for producing a cross-linked rubber according to <1>, including a pre-heating process in which
said additively fabricated object of uncross-linked rubber is heated at or below the boiling point of said liquid under
pressure of 1.1 MPa or more in advance.
[0011] <3> The method for producing cross-linked rubber according to <1> or <2>, wherein said liquid is water.

(Advantageous Effect)

[0012] According to this disclosure, it is possible to provide a method for producing cross-linked rubber for the additively
fabricated object that can be easily produced with good dimensional accuracy and simplicity, even using a general-
purpose uncross-linked rubber composition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] In the accompanying drawings:

FIG. 1 illustrates the equivalent cross-linking curves for Examples 1 and 2;
FIG.2 illustrates the shape measurement results using laser shape mesurement of the additively fabricated object
of uncross-linked rubber and the additively fabricated object of cross-linked rubber of Example 1;
FIG.3 illustrates the schematic drawing of one embodiment of sheet-like additively fabricated object; and
FIG.4 is a photograph of one embodiment of thread-like additively fabricated object.

DETAILED DESCRIPTION

<Method for producing cross-linked rubber>

[0014] The method for producing a cross-linked rubber according to this disclosure is: a method for producing a cross-
linked rubber, in which an additively fabricated object of uncross-linked rubber is heated in a liquid to produce an additively
fabricated object of cross-linked rubber, wherein the method includes,
heating said additively fabricated object of uncross-linked rubber within the range not exceeding the saturated vapor
pressure by controlling the temperature and pressure of said liquid, obtaining the equivalent cross-linking amounts at
regular intervals from the start of heating using the following Formula (1), accumulating them and calculating the cumu-
lative cross-linking degree, and stopping the cross-linking reaction when the cross-linking degree of said additively
fabricated object of cross-linked rubber reaches the required cross-linking degree.
[Math. 2] 
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[0015] In the Formula (1);

U is the equivalent cross-linking amount,
E is the activation energy (kcal/mol),
R is the gas constant (1.987310-3kcal/mod·deg),
T is the cross-linking temperature (K),
T0 is the reference temperature (K),
t0 is the time of optimum cross-linking reaction point, which was measured and determined in advance at the reference
temperature T0 (Sec),
t’ is the cross-linking time at the i-th interval to be accumulated (Sec).

[0016] As previously mentioned, the formed object of cross-linked rubber is generally cross-linked by placing the
uncross-linked rubber in a mold that matches the shape of the formed object and applying temperature and pressure,
or by placing the uncross-linked rubber in a mold that is larger than the shape of the formed object and applying
temperature and pressure, and then cut or otherwise machined into the desired shape.
[0017] The fabrication method of the formed object includes the technique of layering sheets, filaments, and particles,
however, in the cross-linking using a mold, it is difficult to maintain the fabricated shape, and it is also difficult to fabricate
the formed object of cross-linked rubber with complex shapes. When cross-linking the formed object of uncross-linked
rubber, it is necessary to apply pressure as well as temperature to the formed object in order to eliminate air bubbles
contained within the formed object and air bubbles generated by the cross-linking reaction. For example, in PTL 1,
calcium oxide is contained in the unvulcanized rubber composition to suppress bubbles, however in general, the strength
properties of the vulcanized rubber are impaired when foreign substances such as calcium oxide is contained.
[0018] In the method of placing the uncross-linked rubber in a mold that matches the shape of the formed object and
applying temperature and pressure, since the mold is required to match the shape of the formed object, it is necessary
to remake or modify the mold anew even for small shape modifications.
[0019] In the method of placing the uncross-linked rubber in a mold that is larger than the shape of the formed object
and applying temperature and pressure, and then cut or otherwise machined into the desired shape, the formed object
of cross-linked rubber can be produced in advance with a mold of a larger shape than the formed object and machined
later to accommodate small shape modifications without modifying the mold.
[0020] In addition, in case of having a complex shape that cannot be removed from the mold, it was difficult to make
a formed product.
[0021] It is difficult to handle the calcium oxide used to control air bubbles because it reacts exothermically with water,
and its addition to the formulation of the uncross-linked rubber can change the physical properties of the crosslinked
rubber and may also impair the strength properties of the vulcanized rubber.
[0022] In contrast, according to the method for producing the cross-linked rubber of this disclosure, it is possible to
provide a method for producing a cross-linked rubber for the additively fabricated object that can be easily produced
with good dimensional accuracy and simplicity, even using a general-purpose uncross-linked rubber composition.
[0023] The following is a detailed description of the method for producing the cross-linked rubber according to this
disclosure.
[0024] The method for producing the cross-linked rubber according to this disclosure includes, heating said additively
fabricated object of uncross-linked rubber within the range not exceeding the saturated vapor pressure by controlling
the temperature and pressure of said liquid, heating said additively fabricated object of uncross-linked rubber within the
range not exceeding the saturated vapor pressure by controlling the temperature and pressure of said liquid, obtaining
the equivalent cross-linking amounts at regular intervals from the start of heating using the following Formula (1), accu-
mulating them and calculating the cumulative cross-linking degree, and stopping the cross-linking reaction when the
cross-linking degree of said additively fabricated object of cross-linked rubber reaches the required cross-linking degree.
The termination of the cross-linking reaction is judged, for example, by stopping the heating and cooling as necessary,
when the temperature of the additively fabricated object of rubber or the temperature in the container containing the
additively fabricated object of rubber falls, for example to or below 80°C, or substantially below the cross-linking tem-
perature.
[0025] For the range of the pressure and temperature not exceeding the saturated vapor pressure, the saturated vapor
pressure curve of the liquid can be referred. The heating for the additively fabricated object of cross-linked rubber is
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preferably performed using a sealed container that can be pressurized and heated. Specifically, the liquid may be placed
in the sealed container, the additively fabricated object of uncross-linked rubber may be placed in the container to be
immersed, and then the liquid may be heated and pressurized. For heating the liquid, the liquid inside the sealed container
may be heated by gas or liquid from outside the container, or a heating source, heat exchanger, or other devices may
be placed inside the container to heat the liquid from inside. At this time, the liquid may be stirred inside the container.
By checking the temperature inside the container, it is possible to verify whether the liquid is at the prescribed temperature.
[0026] The temperature range is not restricted and may be set appropriately depending on the type of rubber compo-
nents that constitutes the object to be cross-linked. Specifically, the temperature may be set at or above the cross-linking
reaction initiation temperature of the rubber components that constitutes the object to be cross-linked and at or below
the temperature at which the rubber surface is scorched or the rubber components are destroyed, as appropriate. For
example, the temperature may be set appropriately between 100°C and 200°C.
[0027] The pressure range is not restricted and may be set appropriately depending on the type of rubber components
that constitutes the object to be cross-linked. Specifically, the pressure may be set at or above the minimum pressure
at which the generation of bubbles inside the rubber components that constitutes the object to be cross-linked is sup-
pressed. For example, it can be set as appropriate at 0.3 MPa or higher, preferably at 1 MPa or higher, and more
preferably at 1.5 MPa or higher. The upper limit of the pressure can be set as appropriate within the range where the
container does not break or rupture. For example, it can be set as appropriate at or below 5 MPa, and preferably at or
below 3 MPa.
[0028] For the sealed container, it is preferable to replace the atmosphere with an inert gas such as nitrogen gas after
the liquid and the additively fabricated object of cross-linked rubber are placed in it. It is also preferable to keep an inert
gas atmosphere in the sealed container during cross-linking of the additively fabricated object of cross-linked rubber. In
other words, instead of completely filling the inside of the container with liquid, it is preferable to simultaneously fill the
container with a certain amount of inert gas. This pressure of the inert gas can be pre-set or changed during heating to
provide pressure to the liquid. Here, the pressure inside the container can be checked by placing a pressure gauge
inside the container or in the piping connected to the gas.
[0029] Even when pressurized, only the hydrostatic pressure component is applied to the additively fabricated object
inside the container, so the pressure can be applied equally to complex shapes including small parts such as edges,
and hollow parts that penetrate to the outside, etc.
[0030] Next, this method obtains the equivalent cross-linking amounts at regular intervals from the start of heating
using the following Formula (1), accumulates them and calculates the cumulative cross-linking degree, and stops the
cross-linking reaction when the cross-linking degree of the additively fabricated object of cross-linked rubber reaches
the required cross-linking degree.
[Math. 3] 

[0031] In the Formula (1);

U is the equivalent cross-linking amount,
E is the activation energy (kcal/mol),
R is the gas constant (1.987310-3kcal/mod·deg),
T is the cross-linking temperature (K),
T0 is the reference temperature (K),
t0 is the time of optimum cross-linking reaction point, which was measured and determined in advance at the reference
temperature T0 (Sec),
t’ is the cross-linking time at the i-th interval to be accumulated (Sec).

[0032] Specifically, this method obtains the equivalent cross-linking amounts U for i = 1, i = 2, i = 3, ... at regular
intervals from the start of heating using the following Formula (1), accumulates the obtained equivalent cross-linking
amounts U, and calculating the cumulative cross-linking degree. The time interval for obtaining the equivalent cross-
linking amounts U is not limited, however, is usually 10 to 120 seconds.
[0033] The cross-linking degree of the additively fabricated object of crosslinked rubber can be determined, for example,
according to the method described in JIS K 6300-2 (2001) (Rubber, unvulcanized - Physical property - Part 2: Determi-
nation of cure characteristics with oscillating curemeters). The U = 1 is obtained when the amount of cross-linking reaction



EP 4 328 009 A1

6

5

10

15

20

25

30

35

40

45

50

55

becomes equal to that at the time of optimum vulcanizing reaction point t0, which was measured and determined in
advance at temperature T0, and this is the point in time when the cross-linking degree of the additively fabricated object
of cross-linked rubber has reached the required cross-linking degree. The time of optimum cross-linking reaction point
may be determined by any method, for example, by the torsional vibration vulcanization test described in JIS K 6300-2
(2001). If the method of producing cross-linked rubber includes the pre-heating and cooling processes described below,
the time of optimum cross-linking reaction point is preferably determined by also considering the progress of the cross-
linking reaction in the pre-heating and cooling processes.

(Liquid)

[0034] The type of liquid is not restricted, and for example, water, ethylene glycol, fluorocarbon, etc. may be used.
Only one type of liquid may be used, or two or more types of liquid may be used. Among these, water is preferred for
its effectiveness in cleaning the additively fabricated object of cross-linked rubber, ease of replacement, and inexpen-
siveness.

(Additively fabricated object of uncross-linked rubber)

[0035] The additively fabricated object of uncross-linked rubber is an additively fabricated object of uncross-linked
rubber composition.
[0036] In this disclosure, the component composition of the uncross-linked rubber composition is not particularly limited,
and a general-purpose uncross-linked rubber composition may be used, or a uncross-linked rubber composition tailored
for various applications such as for tires, hoses, seismic isolation rubber, anti-vibration rubber, and crawlers may be used.
[0037] The uncross-linked rubber composition usually contains rubber components, fillers, cross-linking agents, and
various additives.
[0038] The rubber components can be either diene rubber or non-diene rubber, and the diene rubber such as natural
rubber (NR), styrene-butadiene copolymer rubber (SBR), and polybutadiene rubber (BR) are usually used. Only one
rubber component may be used, or two or more of rubber components may be used.
[0039] The fillers generally include reinforcing fillers such as carbon black and silica to increase the durability, abrasion
resistance, and other functions of the cross-linked rubbers. Only one type of filler may be used, or two or more types of
filler may be used.
[0040] The cross-linking agents include, for example, sulfur cross-linking agent, organic peroxide cross-linking agent,
acid cross-linking agent, polyamine cross-linking agent, resin cross-linking agent, sulfur compound cross-linking agent,
and oxime-nitrosamine cross-linking agent. The sulfur cross-linking agent (vulcanizing agent) are usually used.
[0041] The various additives are the one commonly used in the rubber industry, such as softeners, stearic acid, anti-
aging agents, zinc oxide, vulcanization accelerators, etc.
[0042] The additively fabricated object of uncross-linked rubber can be obtained as follows.
[0043] An uncross-linked rubber composition containing the rubber components, fillers, cross-linking agents, etc.
already mentioned is kneaded by a Banbury mixer, etc. and processed into sheets, threads, particles, slurries, etc. The
resulting uncross-linked rubber material can be additively fabricated as indicated in the Additive Manufacturing classi-
fication by the ASTM (American Society for Testing and Materials). This ASTM classification includes Sheet Lamination,
Material Extrusion, Directed Energy Deposition, Powder Bed Fusion, Binder Jetting, and Material Jetting, etc.

[Sheet processing]

[0044] For example, as shown in the ASTM classification "Sheet Lamination", a sheet-like additively fabricated object
of cross-linked rubber is obtained by stacking plates of uncross-linked rubber with different widths in a staircaselike
manner.
[0045] From the viewpoint of creating more accurate shapes of formed objects, it is better to stack four or more layers
of sheet in the maximum thickness section. From the viewpoint of uniform physical properties in the thickness direction
and workability, the thickness of the sheet in each layer is preferably 0.2 mm or more.

[Thread processing]

[0046] For example, the kneaded, uncross-linked rubber composition may be softened by imparting temperature to it
and then additively fabricated as indicated in the ASTM classification "Thermal Fusion Lamination" while making it into
a thread shape. Specifically, for example, it can be additively fabricated as illustrated in FIG.4. The uncross-linked rubber
composition may be threaded and then heated again for lamination.
[0047] From the viewpoint of creating more precise shapes of formed objects, the cross-sectional area of the thread-
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like uncross-linked rubber is preferably small, 1 mm2 or less. From the viewpoint of uniform physical properties in the
depth direction viewed from the surface of the thread-like uncross-linked rubber and workability, the cross-sectional area
of the thread-like uncross-linked rubber is preferably 0.2 mm2 or more.

[Granular processing]

[0048] In the granular processing, for example, the kneaded uncross-linked rubber composition is first processed into
granules. The resulting granular uncross-linked rubber is additively fabricated by "powder sintering" by laser, electron
beam, etc.; "binder jet"; "energy lamination", etc. as indicated in the ASTM classification, to obtain an additively fabricated
object of uncross-linked rubber.
[0049] From the viewpoint of creating more accurate shapes of formed objects, the volume of the granular uncross-
linked rubber is preferably small, preferably 0.523 mm3 or less. From the viewpoint of uniform physical properties in the
depth direction viewed from the surface of the granular uncross-linked rubber, the volume of the granular uncross-linked
rubber is preferably 4310-3 mm3 or more.

[Slurry processing]

[0050] In the slurry processing, for example, the kneaded uncross-linked rubber composition is first processed into a
slurry. The resulting slurry of the uncross-linked rubber is additively fabricated by "material jetting" as indicated in the
ASTM classification to obtain an additively fabricated object of crosslinked rubber.

[Pre-heating process]

[0051] The method of producing a cross-linked rubber according to this disclosure preferably includes a pre-heating
process in which the additively fabricated object of uncross-linked rubber is heated at or below the boiling point of the
liquid under pressure of 1.1 MPa or more in advance.
[0052] The fact that the producing method for cross-linked rubber according to this disclosure includes the pre-heating
process allows the cross-linking reaction of the additively fabricated object of uncross-linked rubber to proceed efficiently.
[0053] The pressure condition for the pre-heating process is preferably 1.2 to 1.8 MPa, and more preferably 1.3 to 1.7
MPa.
[0054] The temperature condition for the pre-heating process is at or below the boiling point of the liquid, preferably
65 to 90°C, and more preferably 70 to 85°C.
[0055] In the method for producing a cross-linked rubber according to this disclosure, it is preferable, after heating the
additively fabricated object of uncross-linked rubber, to stop the cross-linking reaction by cooling the liquid to at or below
100°C without generating liquid vapor.
[0056] This cooling process allows the cross-linking reaction of the additively fabricated object of uncross-linked rubber
to proceed gently.

[Additively fabricated object of crosslinked rubber]

[0057] The additively fabricated object of crosslinked rubber produced by the method for producing a vulcanized rubber
according to this disclosure has excellent dimensional accuracy. More specifically, for example, in the case of the sheet-
like additively fabricated object illustrated in FIG.3, the dimensional changes in width, thickness, and length of each layer
can be kept within 10%, and the staircase angle retention can be kept within 10% (within 69 degrees for 90 degrees).

EXAMPLES

[0058] This disclosure will be described in more detail below with examples, but these examples are intended to
illustrate this disclosure and are not limiting it in any way.

(Fabrication of additively fabricated object of cross-linked rubber)

[0059] An uncross-linked rubber composition was prepared by mixing 50 parts carbon black to 100 parts natural rubber
(NR) and kneading it with a Banbury mixer. Using a roll, the uncross-linked rubber composition was made into a sheet
with a wide of 100 mm, a length of 90 mm, and a thickness of 2 mm. The longitudinal direction is perpendicular to the
roll. Five plates of uncross-linked rubber with different widths were prepared from this plate and stacked to form the
staircase illustrated in FIG. 3.
[0060] The required cross-linking degree for this additively fabricated object of uncross-linked rubber was determined



EP 4 328 009 A1

8

5

10

15

20

25

30

35

40

45

50

55

based on JIS K 6300-2 (2001), and it was found that heating at 145°C for 660 seconds was appropriate.

(Container setting)

[0061] As the sealed container, a three-mouth pressure-resistant cylindrical container made of SUS 316, with an inner
diameter of 30 mm and an inner length of 200 mm was prepared. Water was used as the liquid. Water was placed into
the container to a depth of 100 mm, and the remaining space was filled with nitrogen gas.
[0062] A thermocouple was inserted from the top of the container and the water temperature was recorded with a
logger. Another hole in the top of the container was connected, by a T connector, to a nitrogen gas tank and a release
valve with a pressure gauge.

(Pre-heating process)

[0063] The additively fabricated object of uncross-linked rubber was fixed with a jig and immersed in water in a container,
and the container was filled with nitrogen gas at 3 MPa and checked the tightness thereof for any gas leaks. The internal
pressure was set at 1.5 MPa to achieve an internal pressure of 2 MPa at 145°C. The container was placed in an oil bath
set at 80°C and the temperature was raised to 180°C. The internal temperature reached 80°C in about 9 minutes after
starting the temperature rise.
[0064] Note, the temperature of the thermometer and the pressure of the pressure gauge were recorded by loggers
from the pre-heating process to cooling.

[Example 1]

[0065] From the point in the pre-heating process when the temperature in the container reached 80°C, the thermometer
value was measured every 30 seconds, the equivalent cross-linking amount U was calculated using the Formula (1),
and each calculated value was summed up. Heating was stopped when the equivalent cross-linking amount reached
0.97, close to the target of 1.0. The equivalent cross-linking amount corresponding to the measurement time is illustrated
in FIG. 1. In FIG. 1, the "First" indicated by the solid line is the equivalent cross-linking amount in Example 1.
[0066] The container was removed from the oil bath and cooled with two industrial fans. When the internal temperature
of the container dropped below 100°C, nitrogen gas was released, and air cooling was continued. When the internal
temperature reached about 60°C, the lid was opened, and the sample was removed. The equivalent cross-linking amount
up to 80°C was 1.35.

[Example 2]

[0067] Fabrication of the additively fabricated object of non-crosslinked rubber, container setup, and preheating process
were performed as in Example 1.
[0068] From the point in the pre-heating process when the temperature in the container reached 80°C, the thermometer
value was measured every 30 seconds, and the calculation of the equivalent cross-linking amount U was started.
Considering the cooling time, heating was stopped immediately after the internal temperature reached 145°C. The
equivalent cross-linking amount corresponding to the measurement time is indicated in FIG. 1. In FIG. 1, the "Second"
indicated by the dashed line is the equivalent cross-linking amount in Example 2.
[0069] Cooling was performed as in Example 1. The equivalent cross-linking amount up to 80°C was 0.94.

<Evaluation>

[0070] Visual observation of the additively fabricated object of uncross-linked rubber of Examples 1 and 2 side by side
with the additively fabricated object of cross-linked rubber thereof showed that the original shape was largely maintained.
To evaluate the dimensional accuracy in more quantitative detail, the edge shapes of the additively fabricated object of
uncross-linked rubber of Example 1 and the additively fabricated object of cross-linked rubber thereof were checked by
the laser shape measurement ("Q4-240" produced by Quelltech). The longitudinal edges of the fabricated object were
laser irradiated in the longitudinal direction to check for differences in the staircase shape of the fabricated object. The
result is indicated in FIG. 2. The two lines almost overlap, indicating that there is little dimensional change between the
uncross-linked and cross-linked states.
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Claims

1. A method for producing a cross-linked rubber, in which an additively fabricated object of uncross-linked rubber is
heated in a liquid to produce an additively fabricated object of cross-linked rubber, wherein the method includes,
heating said additively fabricated object of uncross-linked rubber within the range not exceeding the saturated vapor
pressure by controlling the temperature and pressure of said liquid, obtaining the equivalent cross-linking amounts
at regular intervals from the start of heating using the following Formula (1), accumulating them and calculating the
cumulative cross-linking degree, and stopping the cross-linking reaction when the cross-linking degree of said
additively fabricated object of cross-linked rubber reaches the required cross-linking degree,
[Math. 1] 

in the Formula (1);
U is the equivalent cross-linking amount,
E is the activation energy (kcal/mol),
R is the gas constant (1.987310-3kcal/mod·deg),
T is the cross-linking temperature (K),
T0 is the reference temperature (K),
t0 is the time of optimum cross-linking reaction point, which was measured and determined in advance at the
reference temperature T0 (Sec),
t’ is the cross-linking time at the i-th interval to be accumulated (Sec).

2. The method for producing a cross-linked rubber according to claim 1, including a pre-heating process in which said
additively fabricated object of uncross-linked rubber is heated at or below the boiling point of said liquid under
pressure of 1.1 MPa or more in advance.

3. The method for producing a cross-linked rubber according to claim 1 or 2, wherein said liquid is water.
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